Abstract: F 1 offspring of the African cichlid Pseudocrenilabrus multicolor victoriae Seegers, 1990 from swamp (low oxygen) and lake (high oxygen) origin were raised under normoxia and submitted to hypoxia acclimation (0.8 ± 0.4 mgÁL -1 ) and normoxia acclimation (7.4 ± 0.3 mgÁL -1 ) for 4 weeks. Haematocrit and lactate dehydrogenase (LDH) specific activities in the liver, white skeletal muscle, heart, and brain were measured. For haematocrit and LDH activities of liver, muscle, and heart, the response to acclimation depended upon population of origin. In general, fish from the swamp population showed a more ''typical'' hypoxic response (increased haematocrit and LDH activities), whereas fish from the lake population either did not respond or showed the opposite response. The results suggest that populations of P. m. victoriae sampled from habitats with diverse oxygen regimes differ in their physiological and biochemical responses to hypoxia.
Introduction
Hypoxia is widespread in aquatic habitats characterized by low light and low mixing, particularly at high water temperature where oxygen solubility is low and rates of decomposition and oxygen consumption are high. Such conditions prevail in tropical swamps and flooded forests, and the organisms that occur in such habitats display a suite of behavioural, physiological, and biochemical responses to low levels of dissolved oxygen (D'Avila et al. 1991; AlmeidaVal et al. 1995; Chapman, et al. 2002) . The capacity of fish to tolerate hypoxia varies among species, with generally greater tolerance observed for species inhabiting low-oxygen habitats compared with species from well-aerated ones Chippari-Gomes et al. 2005) . The degree to which hypoxia tolerance and its underlying bases vary among populations within a species, however, is less well characterized.
One exception is the fish community of the Lake Victoria basin (Africa), where a number of studies have demonstrated population-level differences in respiratory morphology, behaviour, and physiology of several species of non-airbreathing fishes (Chapman and Liem 1995; Chapman et al. 2000 Chapman et al. , 2002 Chapman and Hulen 2001; Martínez et al. 2004 ). Among these is the dwarf Victoria mouth-brooder (Pseudocrenilabrus multicolor victoriae Seegers, 1990) , an endemic haplochromine cichlid that is widespread in the Nile River basin (Schierwater and Mrowka 1987) . This species occurs in habitats ranging from well-oxygenated fast-flowing rivers to chronically hypoxic dense wetlands (Chapman et al. 1996a (Chapman et al. , 1996b (Chapman et al. , 2000 Rosenberger and Chapman 1999) . Previous studies have shown that gill morphology in this species exhibits interdemic variation that correlates with dissolved oxygen concentration in the field; individuals from low-oxygen habitats have greater gill surface area than individuals from normoxic habitats (Chapman et al. 2000 (Chapman et al. , 2002 . Chapman et al. (2000 Chapman et al. ( , 2008 provided evidence to suggest that a combination of phenotypic plasticity and long-term selection contribute to the observed interpopulation variation in this species. However, population variation in other physiological and metabolic parameters is unknown, as is the degree of environmentally induced phenotypic variation in these parameters.
This study is the first of a series of experiments to explore the relative role of plasticity and long-term selection on the metabolic biochemistry of P. m. victoriae. Parental stocks for fish used in this experiment were obtained from two populations in the Lake Victoria region in Uganda. The first population was from the Lwamunda Swamp that surrounds Lake Nabugabo, Uganda. This swamp is chronically hypoxic with dissolved oxygen concentrations averaging 1.06 mgÁL -1 in the morning and 2.63 mgÁL -1 in the afternoon over a year of monthly samples (Reardon and Chapman 2008) . The second population was from nearby Lake Kayanja. Chapman et al. (2000) reported a monthly mean of 6.07 mgÁL -1 for the ecotonal region of this system. F 1 offspring from both populations were raised under normoxia, submitted to laboratory hypoxia, and measured for haematocrit and tissue lactate dehydrogenase (LDH) specific activities, with the prediction that P. m. victoriae from Lwamunda Swamp would be more tolerant to hypoxic stress.
Materials and methods

Study sites, collection, and maintenance of fish
Pseudocrenilabrus multicolor victoriae were live-captured using minnow traps in Lwamunda Swamp (31850'E-31856'30@E, 0820'S-0825'5@S) and the ecotonal habitat in nearby Lake Kayanja. We have no direct evidence for a current connection between Lake Kayanja and Lwamunda Swamp, although a local field assistant (J. Mutebi) has suggested that a small swampy contemporary connection exists. F 1 offspring from multiple parents of each population were reared under normoxic conditions for at least 5 months prior to initiation of the experimental treatments. Acclimation experiments with Lwamunda Swamp F 1 s were performed in August and September of 2002, and experiments with Lake Kayanja F 1 s were carried out in April and May of 2004. Although the time of year for the experiments differed, fish were reared at common temperature (26 8C) and photoperiod (12 h light :12 h dark), thereby minimizing seasonal effects For each population, groups of fish (n = 8) were sizematched and introduced into two 120 L aquaria. Both tanks were equipped with a Supreme 1 Mag-drive TM 2 Utility pump and Hydrosponge sponge filter. The normoxic treatment group was aerated with room air. The hypoxic aquarium was gassed with nitrogen and plastic bubble wrap was placed over approximately 75% of the water surface to reduce oxygen diffusion from the atmosphere. Oxygen level in the hypoxic tank was reduced slowly over a 1-week period and then maintained for an additional 4 weeks. Oxygen concentration was monitored with a YSI dissolved oxygen and temperature meter (Model 56), and a digital oxygen controller maintained the oxygen concentration at 0.8 mgÁL -1 by periodically adjusting the flow of nitrogen gas. The oxygen concentrations and temperatures (means ± 1 SD) during the 4-week acclimation period for Lwamunda Swamp F 1 were 7.4 ± 0.3 mgÁL -1 and 25.9 ± 0.4 8C (normoxia) and 0.8 ± 0.4 mgÁL -1 and 26.0 ± 0.4 8C (hypoxia). During acclimation of Lake Kayanja F 1 , the values were 7.6 ± 0.5 mgÁL -1 and 25.9 ± 0.3 8C (normoxia) and 0.8 ± 0.3 mgÁL -1 and 26.0 ± 0.4 8C (hypoxia). Fish were fed daily with Tetramin 1 flake food. Reardon and Chapman (2008) reported low dissolved oxygen concentration in the Lwamunda Swamp averaging 1.06 mgÁL -1 in the morning (range = 0.37-1.61 mgÁL -1 over a year of monthly samples) and 2.63 mgÁL -1 in the afternoon (range = 1.69-3.99 mgÁL -1 ). The hypoxic oxygen concentration used in our experiment was slightly below the mean morning value for the Lwamunda Swamp reported above but ecologically relevant, within the range experienced by the swamp population, and well tolerated by this species (M.L. Martínez, personal observation). In Lake Kayanja, P. m. victoriae experience high dissolved oxygen concentration, a monthly mean of 6.07 mgÁL -1 for the ecotonal region of this system (Chapman et al. 2000) . Thus, we predicted that P. m. victoriae from Lake Kayanja would be less tolerant to hypoxic stress.
Sample preparation, haematocrit measurements, and LDH assays
Fish were carefully netted and euthanized with an overdose of buffered MS-222 (1 gÁL -1 MS-222 and 4 gÁL -1 NaHCO 3 ). Fish were measured for mass and total length (L T ) and bled from the caudal artery for determination of haematocrit. White skeletal muscle, liver, heart, and brain were quickly dissected and frozen on dry ice and stored at -80 8C. Thawed tissue samples were weighed and homogenized in ice-cold buffer consisting of 50 mmolÁL -1 imidazole (pH 7.5 at 4 8C), 5 mmolÁL -1 ethylenediaminetetraacetic acid, 50 mgÁmL -1 soybean trypsin inhibitor, 50 mmolÁL -1 phenylmethylsulphonylfluoride, 5 mmolÁL -1 b-mercaptoethanol, and 0.2% Triton X-100. Muscle, brain, and liver samples were homogenized in 9 volumes of buffer; hearts were homogenized in 49 volumes of buffer. Immediately prior to enzyme assays, supernatants were diluted in homogenization buffer to give an overall dilution of 100-fold relative to the starting tissue mass, except for the liver homogenates, which were used without further dilution. Assays of LDH activity were done as previously described (Martínez et al. 2004) , and reagents were purchased from either Sigma Chemical Co. (St. Louis, Missouri, USA) or Roche Diagnostics Corporation (Indianapolis, Indiana, USA).
Tissue supernatants were frozen at -80 8C until protein content was determined by the bicinchoninic acid assay (Smith et al. 1985; Brown et al. 1989) , modified for use in a 96-well microplate reading spectrophotometer. Samples were diluted in water to a concentration of approximately 0.5 mgÁmL -1 . Quadruplicate 10 mL samples were added to 200 mL of the bicinchoninic acid working reagent (Pierce Biochemicals) in individual wells of a 96-well microplate, covered, and incubated at 60 8C for 30 min. After cooling to room temperature, the plate was read at 562 nm. Standards of 0-1 mgÁmL -1 bovine serum albumin were included with every plate. LDH-specific activities were calculated as units (mmoles of product formed per minute) per milligram of protein.
Calculations and statistical analyses
Exploratory data analysis used multiple analysis of covariance (MANCOVA) to detect the effects of gender, population of origin, oxygen treatment, and body size (either mass or L T ) on the suite of response variables measured. This analysis indicated significant effects of population of origin (F [1, 5] = 16.4, P < 0.001), treatment (F [1, 5] = 3.5, P = 0.026), and their interaction (F [1, 5] = 3.8, P = 0.019), but no gender effect (F [1, 10] = 0.6, P = 0.771). Body-size effects were similar using body mass or L T as covariate. For each response variable, therefore, analysis of covariance (ANCOVA) was used to test for the effects of population of origin and treatment with L T as the covariate. Statistical outliers, detected in the ANCOVA protocol (individuals where the value of the measured trait was more than two standard deviations from the mean), were removed. This resulted in one individual being removed from the analysis of haematocrit, two individuals being removed from the muscle LDH analysis, three individuals being removed from the liver LDH analysis, and one individual being removed from the heart LDH analysis. Where the interaction between population of origin and oxygen treatment was significant, ANCOVA was used to assess the effect of oxygen treatment on populations separately (with L T as the covariate). Statistical analyses were carried out with SYSTAT version 10 (Systat Software, Inc., Chicago, Illinois, USA), and differences were considered significantly different when P 0.05.
Results
Mean water temperature and dissolved oxygen were almost identical for experiments with fish with parental stock originating from Lake Kanyanja and Lwamunda Swamp, although F 1 fish from the latter were significantly smaller, both in mass and L T (Table 1) . Accordingly, L T was included as a covariate in all subsequent analyses. Among the other morphometric characters measured, condition factor was found to be significantly related to L T (F [1, 27] = 4.9, P = 0.035) and population of origin (F [1, 27] = 16.6, P < 0.001), but not to acclimation treatment (F [1, 27] = 0.8, P = 0.38). Size-corrected condition factor was significantly greater for Lwamunda Swamp F 1 . During the exposure period, only F 1 from Lwamunda Swamp held under normoxia grew appreciably (Table 1) .
Population of origin, acclimation treatment, and the population Â treatment interaction all significantly affected haematocrit (Table 2) . On average, F 1 from Lwamunda Swamp had higher haematocrit, regardless of acclimation treatment (Fig. 1A) . Because of the significant interaction between population and treatment, the effects of acclimation were analyzed for the two populations separately. This analysis showed that only Lwamunda Swamp F 1 displayed the expected increase in haematocrit at low oxygen (F [1, 11] = 61.0, P < 0.0001), while haematocrit in Lake Kayanja F 1 did not differ between normoxic and hypoxic fish (F [1, 12] = 0.03, P = 0.87).
Maximal LDH-specific activities were determined in white skeletal muscle, liver, heart, and brain. In skeletal muscle, LDH-specific activity was positively correlated with L T (Table 2) , and the population Â treatment interaction was significant, as observed for haematocrit. Compared with normoxic controls, there was a trend toward lower levels of LDH in skeletal muscle in Lake Kayanja F 1 after hypoxic acclimation, but higher LDH levels in skeletal muscle of Lwamunda Swamp F 1 (Fig. 1B) . Analysis of covariance assessing the effects of acclimation treatment on the two populations separately showed that LDH levels were significantly lower in Lake Kayanja F 1 under hypoxia compared with normoxia (F [1, 12] = 9.1, P = 0.011), while LDH levels were significantly higher in Lwamunda Swamp F 1 under hypoxia (F [1, 12] = 6.5, P = 0.025). In liver, the population of origin by acclimation treatment was again significant (Table 2) . Liver LDH was significantly lower in Lake Kayanja F 1 after acclimation to hypoxia (F [1, 10] = 12.2, P = 0.006), but significantly higher in hypoxic Lwamunda Swamp F 1 (F [1,13] = 4.8 P = 0.046; Fig. 1C ). In heart, LDHspecific activity was positively correlated with L T , and the population of origin and the population Â treatment interaction were significant (Table 2 ). When considering both acclimation groups, Lake Kayanja F 1 had lower heart LDHspecific activities than Lwamunda Swamp F 1 . When analyzing the two populations separately, Lake Kayanja F 1 did not differ between normoxic and hypoxic fish (F [1, 12] = 1.9, P = 0.189), while heart LDH levels in Lwamunda Swamp F 1 were found to have an elevated heart LDH-specific activities after hypoxic acclimation (F [1,13] = 6.8, P = 0.021; Fig. 1D ). In the brain tissue, LDH-specific activity was positively correlated with L T , and the effects of population of origin and acclimation treatment were significant (Table 2 ). Lake Kayanja F 1 exhibited higher levels of brain LDH than Lwamunda Swamp F 1 , and fish from both populations showed lower brain LDH after hypoxic acclimation (Fig. 1E) .
Discussion
The present study shows that haematocrit and tissue LDHspecific activities in the African cichlid P. m. victoriae depend on the population from which the parental stock was sampled and the recent acclimation history. Interestingly, for many of the measured traits, the results show that the effects of hypoxic acclimation on these selected physiological and biochemical variables differed among F 1 offspring from populations experiencing differing dissolved oxygen regimes in nature. When taken together, the data indicate that these traits are phenotypically plastic, but the degree and even the direction of plasticity varies according to population. That these effects were observed in F 1 reared under common garden conditions suggests that there may be a population genetic component to the hypoxia response in this species.
The observation that haematocrit was higher, regardless of acclimation treatment, in P. m. victoriae from Lwamunda Swamp (hypoxic site) than from Lake Kayanja (normoxic site) agrees with results found in Barbus neumayeri Fischer, 1884, a fish endemic from Africa, where fish from a hypoxic environment showed higher haematocrit levels than fish from a normoxic environment, even after normoxic maintenance (Martínez et al. 2004 ). In the case of P. m. victoriae, the present study demonstrates that this population difference is maintained in F 1 offspring reared under common garden conditions. Furthermore, when acclimated to hypoxia, haematocrit increased in fish from the swamp population, but not in fish from the lake population. Inter-specific differences in the haematological responses to hypoxia have been previously noted in fishes (Wood and Johansen 1973; Lykkeboe and Weber 1978; Jensen et al. 1993; Valenzuela et al. 2005) . In addition several studies have reported changes in haematological traits in response to hypoxia acclimation within species (Yamamoto et al. 1983 ; Note: Fish (F 1 s) from the two sites were reared under normoxic conditions and acclimated for 4 weeks to normoxia and hypoxia at 26 8C. Values are means ± 1 SD. L T , total length. Table 2 . Results of analysis of covariance examining the effects of fish total length, population of origin, and dissolved oxygen acclimation treatment on haematocrit and LDH-specific activities in white skeletal muscle, liver, heart, and brain of offsprings of dwarf Victoria mouth-brooders (Pseudocrenilabrus multicolor victoriae) from Lake Kayanja and Lwamunda Swamp populations from Uganda. Jensen et al. 1993; Timmerman and Chapman 2004) . However, the present study is the first one of which we are aware to document population differences in the response of haematocrit to low oxygen acclimation. In the present study, tissue-specific activities of LDH were measured as an indicator of the potential for carbohydrate metabolism because of its roles in glycolysis and gluconeogenesis. As with haematocrit, the effect of hypoxic acclimation on LDH activities in three of the four tissues tested (white skeletal muscle, liver, and heart) depended upon population from which the parental stocks were sampled. When the analyses were conducted separately on F 1 from the two populations, the statistical significance of the hypoxia effect varied among tissues; however, the general trend across all three tissues was for Lake Kayanja F 1 to show decreased LDH activities after hypoxic acclimation, while Lwamunda Swamp F 1 showed increased LDH activities after hypoxic acclimation. This pattern was not seen in brain, where LDH-specific activities were lower after hypoxic acclimation in F 1 from both populations. Although interspecific and intertissue variation in the effects of hypoxia on glycolytic enzymes is widespread (reviewed in Martí-nez et al. 2006) , few studies have reported intraspecific comparisons (Greaney et al. 1980; Crawford and Powers 1989; Martínez et al. 2004; Farwell et al. 2007) . One relevant interspecific comparison was conducted by ChippariGomes et al. (2005) with two Amazonian cichlids. The Amazonian acará açu (Astronotus crassipinnis (Heckel, 1840) ), a hypoxia-tolerant species that occurs in low dissolved oxygen habitats, showed an increase in muscle LDH activity when held under hypoxic conditions for 8 h, whereas the green discus (Symphysodon aequifasciata Pellegrin, 1904), a species intolerant of hypoxia that occurs in small streams and rivers, showed no change in muscle LDH activity after being exposed 8 h to hypoxia. Among cichlids, therefore, it seems that species (Chippari-Gomes et al. 2005) or populations (this study) that occur in low-oxygen habitats demonstrate changes in tissue LDH activities that may contribute to their hypoxia tolerance.
Populations of P. m. victoriae occur in a range of habitats with diverse oxygen regimes, from lakes and fast-flowing rivers that are routinely normoxic to dense papyrus swamps characterized by chronic severe hypoxia. Their ability to withstand low oxygen is conferred by a suite of morphological, physiological, and biochemical specializations. Previous research has shown that some morpho-physiological traits in P. m. victoriae vary with developmental history, as well as among populations (Chapman et al. 2000 . The present study supports both short-term plastic variation and population-dependent variation in hypoxia responses, in this case at the level of oxygen-carrying capacity and carbohydrate metabolic potential. All these biological indices suggest that fish from populations inhabiting hypoxic waters are more tolerant of low oxygen. Recently, the population structure of P. m. victoriae was examined from 10 sites in 4 regions of Uganda (including the 2 sites used in our experiment) using mitochondrial DNA and microsatellites (Crispo and Chapman 2008) ; these results supported high gene flow among populations from different oxygen regimes, suggesting that selection against dispersers and their hybrids may be weak. When Chapman et al. (2008) reared P. m. victoriae from three populations under both low and high oxygen conditions, they found that the gill apparatus, structural elements surrounding the gills, brain mass, and body shape showed substantial plasticity in response to the rearing environment; however, they also found evidence that genetic components to trait divergence exist among populations. Chapman et al. (2008) concluded that evolutionary divergence among populations of P. m. victoriae in ecologically important morphological traits seems to occur in the face of high gene flow. The results of the current study provide evidence to suggest population divergence in biochemical traits related to hypoxic stress, which is supportive of earlier studies.
